INTRODUCTION
============

Skin is the outermost covering of the body and various extrinsic factors affect skin health and cause aging. Ultraviolet radiation (UVR) is one of the main causes of premature skin aging and photo-aging, whereas natural aging is called intrinsic aging ([@b18-bt-24-312]). Although the UVR spectrum is composed of ultraviolet A (UVA, 320--400 nm), ultraviolet B (UVB, 280--320 nm), and ultraviolet C (UVC, \<280 nm) based on their wavelengths ([@b23-bt-24-312]), almost all UVC radiation and a large portion of UVB radiation are absorbed by the ozone in the stratosphere, making UVA the predominant form of UVR that reaches the earth ([@b8-bt-24-312]). However, with the depletion of the ozone layer due to the emission of greenhouse gasses an excessive amount of UVB reaches the earth's surface ([@b9-bt-24-312]). UVB exposure causes several skin disorders including carcinogenesis, inflammation, solar erythema, and premature aging ([@b19-bt-24-312]). UVB exposure causes cells to undergo apoptosis by directly or indirectly causing DNA damage ([@b27-bt-24-312]). UVA has less energy than UVB. Consequently, UVA can only damage DNA indirectly via the generation of reactive oxygen species (ROS), whereas UVB can damage cells indirectly via the generation of ROS and directly via the formation of pyrimidine dimers and double-strand DNA breaks ([@b33-bt-24-312]). ROS (singlet oxygen, superoxide anion, hydroxyl radical, and hydrogen peroxide) generated by UVB not only attack DNA but also cellular macromolecules such as proteins and lipids, and this interrupts cellular metabolism and ultimately leads to apoptosis ([@b15-bt-24-312]).

Cellular metabolism also contributes to the formation of ROS; in particular, all mammalian aerobic cells generate considerable amounts of ROS via the electron transport chain at the inner mitochondrial membrane ([@b35-bt-24-312]). However, the antioxidant defense system, which comprises enzymes such as catalase, superoxide dismutase, and glutathione peroxidase as well as antioxidants such as α-tocopherol and carotenoids, maintains ROS at optimal levels ([@b30-bt-24-312]). External sources of ROS, such as UVB, can over-whelm this equilibrium and cells are subsequently exposed to oxidative stress, which causes the aforementioned negative effects and ultimately apoptosis ([@b36-bt-24-312]). Many efforts have sought to overcome the adverse effects of UVR exposure. Biological compounds with antioxidant properties, especially phytochemicals, protect cells and tissues against the deleterious effects of ROS and other free radicals ([@b11-bt-24-312]).

Hesperidin (hesperetin 7-rutinoside) is a flavanone glycoside that is abundant in citrus fruits. Hesperidin reduces blood pressure ([@b26-bt-24-312]) and the cholesterol level ([@b12-bt-24-312]) in rats. Furthermore, hesperidin has a wide range of biological effects, from anticancer and antibacterial activities to inhibition of bone reabsorption and neuroprotective effects ([@b2-bt-24-312]). However, little is known about the effect of hesperidin on UVB-induced skin cell damage. The present study investigated the mechanisms underlying the protective effects of hesperidin against UVB-induced oxidative damage in human keratinocytes.

MATERIALS AND METHODS
=====================

Reagents
--------

Hesperidin (C~28~H~34~O~15~), 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical, N-acetyl cysteine (NAC), 5,5-dimethyl-1-pyrroline-N oxide (DMPO), 2′,7′-dichlorodihydrofluorescein diacetate (DCF-DA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), Hoechst 33342 dye and primary antibody against actin were purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA). 5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethyl-benzimidazolylcarbocyanine iodide (JC-1) was purchased from Invitrogen (Carlsbad, CA, USA). Primary antibodies against Bcl-2-associated X protein (BAX) and B-cell lymphoma 2 (Bcl-2) were purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA). Primary antibodies against caspase-3 and caspase-9 were purchased from Cell Signaling Technology (Danvers, MA, USA). All other chemicals and reagents were of analytical grade.

Cell culture and UVB exposure
-----------------------------

The human keratinocyte cell line HaCaT was purchased from Amore Pacific Company (Yongin, Republic of Korea) and cells were maintained at 37ºC in an incubator with a humidified atmosphere of 5% CO~2~. Cells were cultured in RPMI 1640 medium containing 10% heat-inactivated fetal bovine serum, streptomycin (100 μg/ml), and penicillin (100 units/ml). Cells were exposed to UVB at a dose of 30 mJ/cm^2^. The CL-1000M UV Crosslinker (UVP, Upland, CA, USA) was used as the UVB source and delivered a UVB energy spectrum of 280--320 nm.

Detection of DPPH radicals
--------------------------

The ability of hesperidin to scavenge DPPH radicals was assessed. Hesperidin (12.5, 25, 50, or 100 μM) or 1 mM NAC was added to a 96-well plate. DPPH dissolved in ethanol (0.1 mM) was added to each well up to a volume of 200 μl. After shaking for 3 h, unreacted DPPH was detected by measuring absorbance at 520 nm using a spectrophotometer.

Detection of intracellular ROS
------------------------------

The DCF-DA fluorescence detection method was used to measure intracellular ROS generated by H~2~O~2~ or UVB ([@b28-bt-24-312]). Cells were seeded at a density of 1.5×10^5^ cells/ml and incubated at 37ºC for 24 h. Hesperidin or NAC (1 mM) was added to each well. After 0.5--1 h, cells were treated with H~2~O~2~ (1 mM) or exposed to UVB. After 30 min, H~2~O~2~-treated cells were treated with DCF-DA (25 μM) and incubated for another 20 min. UVB-treated cells were incubated for 24 h, after which DCF-DA (50 μM) was added and cells were incubated for a further 2 h. The fluorescence of 2′,7′-dichlorofluorescein was detected and quantified using a PerkinElmer LS-5B spectrofluorometer (PerkinElmer, Waltham, MA, USA).

Cell viability assay
--------------------

The effect of hesperidin on cell viability was examined using the MTT assay. Cells were seeded in a 96-well plate at a density of 1×10^5^ cells/ml. After 24 h, hesperidin was added to a final concentration of 12.5, 25, 50, or 100 μM and cells were incubated for a further 24 h. In UVB group, cells were exposed to UVB (30 mJ/cm^2^) at 1 h after the hesperidin treatment and incubated for a further 24 h. MTT stock solution (50 μl, 2 mg/ml) was added to each well to yield a final reaction volume of 200 μl. The supernatant was aspirated 4 h later and formazan crystals were dissolved in 150 μl of dimethylsulfoxide (DMSO). The absorbance at 540 nm was measured using a scanning multi-well spectrophotometer.

Detection of hydroxyl radicals
------------------------------

Hydroxyl radicals generated by the Fenton reaction (H~2~O~2~+ FeSO~4~) were reacted with DMPO. The resultant DMPO/•OH adducts were detected using an electron spin resonance (ESR) spectrometer ([@b21-bt-24-312]). The ESR spectrum was recorded 2.5 min after phosphate buffer (pH 7.4) was mixed with 0.02 ml each of 0.3 M DMPO, 10 mM FeSO~4~, 10 mM H~2~O~2~, and 50 μM hesperidin. The ESR spectrometer parameters were set as follows: central magnetic field, 336.8 mT; power, 1.00 mW; frequency, 9.4380 GHz; modulation width, 0.2 mT; amplitude, 600; sweep width, 10 mT; sweep time, 0.5 min; time constant, 0.03 sec; temperature, 25ºC.

Ultraviolet (UV)/visible light absorption analysis
--------------------------------------------------

Absorption analysis of hesperidin (50 μM) was performed by scanning with UV/visible light of a wavelength of 200--400 nm using an HP-8453E UV-visible spectroscopy system (Hewlett Packard, Palo Alto, CA, USA) and a standard quartz cuvette with a 1 cm path length. Hesperidin was diluted in 1× phosphate-buffered saline (PBS) to a final concentration of 50 μM prior to scanning.

Single cell gel electrophoresis (comet assay)
---------------------------------------------

DNA damage caused by oxidative stress was detected using the comet assay ([@b31-bt-24-312]). Cells were seeded at a density of 1×10^5^ cells/ml and then treated with hesperidin (50 μM) and exposed to UVB (30 mJ/cm^2^) 30 min later. The cell suspension was collected and mixed with 120 μl of 0.7% low melting agarose (LMA) at 37ºC. The mixture was spread on a fully frosted microscopy slide pre-coated with 200 μl of 1% normal melting agarose. After the LMA had solidified, another 170 μl of LMA was spread over the slide. Slides were immersed in lysis solution (2.5 M NaCl, 100 mM Na-EDTA, 10 mM Tris, 1% Trion X-100, and 10% DMSO, pH 10) for 90 min at 4ºC. Slides were then immersed in unwinding buffer (300 mM NaOH and 10 mM Na-EDTA, pH 13) for 30 min at 4ºC. Slides were subjected to electrophoresis in unwinding buffer with an electrical field of 300 mA (constant) and 25 V for 20 min at room temperature. Slides were washed three times with neutralizing buffer (0.4 M Tris, pH 7.5) for 10 min each time and then washed with 70% ethanol for 5 min. Slides were stained with 70 μl of ethidium bromide and observed under a fluorescence microscope and image analyzer (Kinetic Imaging, Komet 5.5, UK). The tail length and percentage of fluorescence in the tail were recorded for 50 cells per slide.

DNA fragmentation assay
-----------------------

HaCaT cells were cultured in a 24-well plate at a density of 2×10^5^ cells/ml, incubated for 24 h, and then treated with hesperidin (50 μM). One hour later, cells were exposed to UVB and incubated for a further 24 h. DNA fragmentation was assessed by photometric detection of bromodeoxyuridine (BrdU)-labeled DNA fragments in the culture supernatant. A commercial enzyme-linked immunosorbent assay kit was used according to the manufacturer's instructions (Roche Applied Science, Mannheim, Germany).

8-Isoprostane assay
-------------------

Cells were treated with hesperidin (50 μM) for 24 h. One hour later, cells were exposed to UVB and incubated at 37ºC for another 24 h. Lipid peroxidation was assayed by colorimetric determination of the level of 8-isoprostane secreted into the culture medium by HaCaT keratinocytes ([@b6-bt-24-312]). A commercial enzyme-linked immunosorbent assay (ELISA) (Cayman Chemical, Ann Arbor, MI, USA) was used according to the manufacturer's instructions.

Protein carbonylation assay
---------------------------

Cells were treated with hesperidin (50 μM). One hour later, cells were exposed to UVB and incubated at 37ºC for another 24 h. The extent of protein carbonyl formation was determined using an Oxiselect^TM^ protein carbonyl ELISA kit from Cell Bio-labs (San Diego, CA, USA) according to the manufacturer's instructions.

Nuclear staining with Hoechst 33342
-----------------------------------

Cells were treated with hesperidin (50 μM) and exposed to UVB radiation 3 h later. After incubation for 24 h at 37ºC, the DNA-specific fluorescent dye Hoechst 33342 (1 μl of a 20 mM stock) was added to each well and cells were incubated for 10 min at 37ºC. Stained cells were visualized using a fluorescence microscope equipped with a CoolSNAP-Pro color digital camera. The degree of nuclear condensation was evaluated by counting cells in randomly selected uniform sized areas.

Analysis of mitochondrial membrane potential
--------------------------------------------

Mitochondrial membrane potential was analyzed by flow cytometry. Cells were harvested, washed, suspended in PBS containing JC-1 (10 μg/ml), incubated for 15 min at 37ºC, and analyzed by flow cytometry ([@b34-bt-24-312]).

Western blot analysis
---------------------

Harvested cells were lysed by incubation on ice for 10 min in 150 μl of lysis buffer (iNtRON Biotechnology, Republic of Korea). The resultant cell lysates were centrifuged at 13,000 rpm for 5 min. Supernatants were collected and protein concentrations were determined. Aliquots were boiled for 5 min and electrophoresed on 12% SDS-polyacrylamide gels. Protein blots of the gels were transferred to nitrocellulose membranes. The membranes were incubated with the appropriate primary antibodies (1:1,000) followed by horseradish peroxidase-conjugated anti-IgG secondary antibodies (1:5,000) (Pierce, Rockford, IL, USA). Protein bands were detected using an Enhanced Chemiluminescence Western Blotting Detection Kit (Amersham, Little Chalfont, Buckinghamshire, UK).

Statistical analysis
--------------------

All measurements were performed in triplicate and all values are expressed as means ± standard error. The results were subjected to an analysis of variance using Tukey's test to analyze differences between means. In each case, a *p* value of \<0.05 was considered statistically significant.

RESULTS
=======

Scavenging effect of hesperidin against UVB-induced ROS
-------------------------------------------------------

To confirm the antioxidant properties of hesperidin, DPPH scavenging was first examined. Hesperidin showed promising scavenging of the DPPH radical in a concentration-dependent manner ([Fig. 1A](#f1-bt-24-312){ref-type="fig"}). The ability of hesperidin to scavenge intra-cellular ROS following H~2~O~2~ treatment or UVB exposure was measured using DCF-DA ([Fig. 1B](#f1-bt-24-312){ref-type="fig"}). For all these assays, NAC was used as a positive control. The ability of hesperidin to protect cells after exposure to UVB was determined using the MTT assay ([Fig. 1C](#f1-bt-24-312){ref-type="fig"}). More than 76% of cells survived when pretreated with 50 μM hesperidin prior to UVB exposure. However, this protective effect was significantly reduced at concentrations higher than 50 μM. Considering the DPPH and intracellular ROS scavenging activities of hesperidin and the cell viability data, the optimal hesperidin concentration was determined to be 50 μM. This concentration was used in all subsequent experiments. ESR spectrometry was performed to assess the ability of hesperidin (50 μM) to scavenge hydroxyl radicals. In the Fenton reaction (Fe^2+^+H~2~O~2~→Fe^3+^+•OH +OH^−^), DMPO/•OH adducts generated a signal of 2,147 in the absence of hesperidin and this was reduced to 1,484 in the presence of hesperidin ([Fig. 1D](#f1-bt-24-312){ref-type="fig"}).

Ability of hesperidin to absorb UVB
-----------------------------------

To determine whether hesperidin itself absorbs UVB, its absorption spectrum from 200 nm to 400 nm was investigated. The absorbance profile of hesperidin exhibited two prominent peaks at 227 nm and 283 nm ([Fig. 2](#f2-bt-24-312){ref-type="fig"}). Since UVB lays wavelength between 280 and 320 nm; it confirms that hesperidin itself can absorb UVB radiation.

Protective effects of hesperidin against UVB-induced damage to cellular macromolecules
--------------------------------------------------------------------------------------

When the ROS level exceeds the capacity of the antioxidant defense system, ROS initiate chain reactions by oxidizing cellular macromolecules, causing the cells to malfunction and eventually undergo programmed cell death ([@b13-bt-24-312]). Visualization of the DNA tail length in microscopy images illustrates DNA strand-breaks. Therefore, the comet assay was performed to assay DNA damage caused by UVB. The percentage of fluorescence in the comet tail was reduced from 51% in cells only exposed to UVB to 28% in cells exposed to UVB and pretreated with hesperidin ([Fig. 3A](#f3-bt-24-312){ref-type="fig"}). To confirm the comet assay results, DNA fragmentation assay was performed. BrdU-labeled DNA fragments were photometrically detected in the cell culture supernatant. As expected, UVB exposure yielded a higher DNA fragmentation index than the control, and hesperidin pretreatment significantly reduced this index ([Fig. 3B](#f3-bt-24-312){ref-type="fig"}). The oxidized lipid content was measured by detecting 8-isoprostane, which is a by-product of ROS-induced lipid peroxidation and is used as a specific index of cellular lipid peroxidation ([@b7-bt-24-312]). UVB exposure significantly increased the 8-isoprostane concentration in the culture supernatant of HaCaT cells to 258 pg/ml compared with the control, whereas this was reduced to 210 pg/ml by pretreatment with hesperidin, indicative of a reduced level of lipid peroxidation in hesperidin-treated cells ([Fig. 3C](#f3-bt-24-312){ref-type="fig"}). Proteins are an important target of ROS in cells. Protein carbonylation is a biomarker of cellular damage following oxidative stress ([@b14-bt-24-312]). Protein oxidization was investigated by determining the level of protein carbonylation. The concentration of protein carbonyls was higher in UVB-exposed cells (8.3 nmol/mg) than in control cells. However, hesperidin pretreatment significantly reduced the level of protein carbonylation (7.3 nmol/mg) in UVB-exposed keratinocytes ([Fig. 3D](#f3-bt-24-312){ref-type="fig"}). These results revealed that pretreatment with hesperidin significantly attenuated cellular macromolecule damage caused by UVB-induced oxidative stress.

Effects of hesperidin on UVB-induced apoptosis
----------------------------------------------

MTT assay showed that hesperidin increased the viability of UVB-exposed cells ([Fig. 1C](#f1-bt-24-312){ref-type="fig"}). We examined whether hesperidin attenuated apoptosis in HaCaT cells by staining the cells with Hoechst 33342 and performing fluorescence microscopy. NAC was used as a positive control. Clear nuclear fragmentation was observed in UVB-irradiated cells (apoptotic index, 41), whereas hesperidin pretreatment dramatically reduced nuclear fragmentation (apoptotic index, 10) ([Fig. 4A](#f4-bt-24-312){ref-type="fig"}). Depolarization of the inner mitochondrial membrane causes the release of cytochrome c into the cytosol, where it activates the intrinsic apoptotic pathway via triggering caspase protein cascades ([@b22-bt-24-312]). Therefore, mitochondrial depolarization was investigated by flow cytometric analysis of cells stained with JC-1 staining dye. The fluorescence intensity of JC-1 was markedly higher in UVB-exposed cells than in control cells, but was markedly reduced in cells pretreated with hesperidin prior to UVB exposure, indicating that hesperidin can establish mitochondrial polarization and prevent the release of cytochrome c into the cytosol ([Fig. 4B](#f4-bt-24-312){ref-type="fig"}). Caspase proteins, which belong to the family of cysteine proteases, play an essential role in apoptosis ([@b37-bt-24-312]). The mitochondrial release of cytochrome c activates pro-caspase-9, after which activated caspase-9 propagates a caspase cascade to activate other caspases, resulting in the activation of caspase-3 and the induction of apoptosis ([@b1-bt-24-312]). Therefore, caspase-9 and caspase-3 protein expression was examined by western blot analysis. Levels of cleaved caspase-9 and cleaved caspase-3 were markedly lower in cells pretreated with hesperidin and exposed to UVB than in cells only exposed to UVB ([Fig. 4C](#f4-bt-24-312){ref-type="fig"}). Bcl-2 and BAX have opposite functions in apoptosis; the former is anti-apoptotic, whereas the latter is pro-apoptotic ([@b3-bt-24-312]). Hesperidin pretreatment markedly upregulated expression of Bcl-2 and notably downregulated expression of BAX in UVB-irradiated cells ([Fig. 4C](#f4-bt-24-312){ref-type="fig"}). These findings suggest that hesperidin interrupts caspase cascades activated by UVB-induced oxidative damage and enhances cell survival.

DISCUSSION
==========

The intensity of UVB radiation that reaches the earth has dramatically increased due to the depletion of the ozone layer ([@b25-bt-24-312]). Although UVB has beneficial functions for humans, such as in vitamin D synthesis, excessive exposure to UVB radiation causes cell damage, cell death, and skin cancer ([@b16-bt-24-312]). These undesirable effects of UVB are mainly owing to the generation of ROS and DNA damage ([@b27-bt-24-312]). This study focused on the antioxidant effects of hesperidin to attenuate UVB-induced oxidative damage and apoptosis in human keratinocytes. Hesperidin scavenged DPPH radicals ([Fig. 1A](#f1-bt-24-312){ref-type="fig"}) and intracellular ROS generated by H~2~O~2~ treatment and UVB irradiation in a dose-dependent manner ([Fig. 1B](#f1-bt-24-312){ref-type="fig"}). Of the various concentrations tested, 50 μM was selected as the optimal concentration of hesperidin for further analysis because it yielded the highest cell viability and scavenging activities ([Fig. 1C](#f1-bt-24-312){ref-type="fig"}). ESR results confirmed that hesperidin scavenged hydroxyl radicals generated through the Fenton reaction in cell-free systems ([Fig. 1D](#f1-bt-24-312){ref-type="fig"}). These data show that hesperidin has antioxidant property that protects cells against UVB-induced oxidative stress. The absorption spectrum of hesperidin showed a large peak at 283 nm, revealing that, in addition to scavenging ROS, hesperidin can absorb UVB radiation ([Fig. 2](#f2-bt-24-312){ref-type="fig"}).

When the antioxidant defense system is overwhelmed by increased ROS production, ROS will cause DNA single and double-strand breaks, induce DNA-protein cross-linking ([@b10-bt-24-312]), and attack other important cellular macromolecules such as lipids and proteins, thereby interrupting cellular activities and ultimately causing apoptosis ([@b15-bt-24-312]). UVB exposure dramatically increased the levels of DNA damage and membrane lipid peroxidation. The comet assay, the DNA fragmentation assay, and detection of 8-isoprostane, which is a stable indicator of lipid peroxidation, revealed that hesperidin attenuated this damage ([Fig. 3A--C](#f3-bt-24-312){ref-type="fig"}). Oxidation of amino acids such as lysine, arginine, and proline in response to oxidative stress results in the formation of carbonyl derivatives, which perturbs the functions of cellular proteins ([@b20-bt-24-312]). Hesperidin prevented the oxidation of proteins by UVB-induced ROS ([Fig. 3D](#f3-bt-24-312){ref-type="fig"}).

Hoechst 33342 staining elucidated the anti-apoptotic effects of hesperidin ([Fig. 4A](#f4-bt-24-312){ref-type="fig"}). As a result of oxidative stress, the depolarized inner mitochondrial membrane allows the release of cytochrome c into the cytosol, which triggers caspase cascades and initiates the intrinsic apoptotic pathway ([@b4-bt-24-312]). Hesperidin restored mitochondrial membrane depolarization, thereby preventing the release of cytochrome c ([Fig. 4B](#f4-bt-24-312){ref-type="fig"}). Cytochrome c, deoxyadenosine triphosphate, and apoptotic protease-activating factor 1, which are key components of the apoptosome, activate caspase-9. This leads to the activation of downstream caspases ([@b32-bt-24-312]), including caspase-3, which cleave inhibitor of caspase-activated DNase, resulting in DNA degradation or fragmentation ([@b17-bt-24-312]). The mitochondria-mediated apoptotic pathway is largely controlled by Bcl-2 family proteins such as the proapoptotic proteins BAX, Bak, and BNIP3, which promote mitochondrial permeability, and the anti-apoptotic proteins Bcl-2 and Bcl-xL, which restore mitochondrial polarization ([@b3-bt-24-312]). Hesperidin downregulated expression of caspase-3, caspase-9, and BAX, and upregulated expression of Bcl-2 ([Fig. 4C](#f4-bt-24-312){ref-type="fig"}). Some studies have reported that hesperidin significantly induced apoptosis by modulating BAX/Bcl-2 ratio together with enhanced cytochrome c release and caspase activations in colon cancer cells ([@b29-bt-24-312]) and mediates apoptosis though extrinsic pathway in cervical cancer cells ([@b5-bt-24-312]). Excessive ROS triggers oxidative stress in cancer microenvironment and leads to stimulation of various oxidative stress-induced oncogenic signaling molecules ([@b38-bt-24-312]). It has been reported that an antioxidant compound, quercetin, exhibits anticancer effect through the upregulation of p53 and BAX via downregulation of ROS, protein kinase C and, phosphatidylinositol 3-kinase in HepG2 cells ([@b24-bt-24-312]). Therefore along with these findings, antioxidant effect of hesperidin might lead to show the anticancer effects in various cancer cells.

In summary, this study showed that hesperidin protects human skin keratinocytes against UVB-induced oxidative stress by scavenging ROS, absorbing UVB radiation, establishing mitochondrial polarity, and regulating apoptotic proteins.
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![Hesperidin scavenges the DPPH radical and intracellular ROS, and protects against cell death induced by UVB. (A) Various concentrations of hesperidin were added to DPPH and the level of remaining DPPH radicals was determined by measuring absorbance at 520 nm using a spectrophotometer. NAC was used as the positive control. \*Significantly different from the control (*p*\<0.05). (B) Cells were treated with various concentrations of hesperidin for 1 h, treated with 1 mM H~2~O~2~ or irradiated with 30 mJ/cm^2^ UVB, and incubated for a further 24 h. Intracellular ROS were detected by DCF-DA staining using fluorescence spectrophotometry. NAC was used as the positive control. \*^,\#^Significantly different from control H~2~O~2~-treated or UVB-irradiated cells, respectively (*p*\<0.05). (C) Cell viability following treatment with various concentrations of hesperidin was determined using the MTT assay. \*^,\#^Significantly different from control and UVB-irradiated cells, respectively (*p*\<0.05). (D) The hydroxyl radical generated by the Fenton reaction (H~2~O~2~+FeSO~4~) was reacted with DMPO and the resulting DMPO/·OH adducts were detected by ESR spectrometry. Results are expressed as representative peak data and a representative histogram is shown. \*^,\#^Significantly different from the control and hydroxyl radicals generated by the Fenton reaction in the absence of hesperidin, respectively (*p*\<0.05).](bt-24-312f1){#f1-bt-24-312}

![Hesperidin absorbs UVB radiation. The absorption spectrum of hesperidin (50 μM) was measured with UV/visible light of a wavelength of 200--400 nm using an UV-visible spectroscopy system.](bt-24-312f2){#f2-bt-24-312}

![Hesperidin protects against UVB-induced oxidative damage to cellular macromolecules. HaCaT cells were treated with hesperidin (50 μM) for 1 h and then exposed to UVB radiation. (A) DNA damage was measured by the alkaline comet assay. Representative images and the percentage of total DNA fluorescence in comet tails are shown. (B) After 24 h of incubation, DNA fragmentation was assessed by colorimetric determination of BrdU-labeled DNA fragments. (C) Lipid peroxidation was measured by detecting the level of 8-isoprostane secreted into the culture medium. (D) Protein oxidation was assayed by detecting the level of protein carbonyls. \*^,\#^Significantly different from control and UVB-irradiated cells, respectively (*p*\<0.05).](bt-24-312f3){#f3-bt-24-312}

![Hesperidin suppresses UVB-induced apoptosis via preventing disruption of the mitochondrial membrane potential and the activation of caspase cascades. Cells were pretreated with 50 μM hesperidin and irradiated with 30 mJ/cm^2^ UVB after 1 h. (A) Formation of apoptotic bodies was observed under a fluorescence microscope following Hoechst 33342 staining. The ratio between apoptotic bodies (arrows) and the total number of cells was determined within a randomly selected area (0.3 mm^2^) of each well. Apoptotic bodies are indicated by arrows. \*^,\#^Significantly different from control and UVB-irradiated cells, respectively (*p*\<0.05). NAC was used as the positive control. (B) Cells were stained with JC-1 and mitochondrial membrane potential was analyzed by flow cytometry. (C) Cleaved caspase-9, cleaved caspase-3, Bcl-2, and BAX were detected using specific antibodies.](bt-24-312f4){#f4-bt-24-312}
